A unique class of eight bicyclic lactones with a C 18 carbon architecture, named velutinones A-H (1-8), three new dimeric styrylpyrones, velutinindimers A-C (9-11), five known compounds, the kawapyrone, yangonin (12), three flavonoids (13-15), and an acetogenin, cananginone H (16) were isolated from the leaves of Miliusa velutina. The absolute configurations of 2 and 5 were assigned by Mosher's method, whereas ECD, optical rotations, and X-ray crystallographic analysis indicated the racemic nature of compounds 10 and 11. Compounds 2-4 and 7-11 showed antimalarial activity with IC 50 values in the range of 5.4-10.0 mM. Moreover, 1-4 and 6-8 displayed cytotoxicity against the KB, MCF7, and NCI-H187 cancer cell lines and Vero cell lines with IC 50 values in the range of 4.0-24.1 mM.
Introduction
Miliusa velutina (Dunal) Hook. f. & Thomson belongs to the family Annonaceae. This plant is found widely in Thailand with local names ''Khang hua mu" or "Kong kang". A water decoction of the wood is used traditionally as a tonic and an aphrodisiac.
1
The genus Miliusa comprises ca. 50 species distributed from India, South East Asia, to Australia. At least 19 species of Miliusa, have been found in Thailand. 2, 3 Eight of the Miliusa genera growing worldwide have been investigated for their phytochemistry and biological activities. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] Among these species, a Thai medicinal plant, M. velutina, has been shown to contain the acetogenin, goniothalamusin, 17 an aporphine alkaloid, (+)-isocorydine a-Noxide, 18 and four alkaloids, reticuline, liriodenine, norcorydine, and isocorydine. 19 Recently, the isolation and characterization of the linear acetogenins, cananginones A-I from the stem bark of M. velutina were reported. 20, 21 In a continued investigation of this plant, the crude n-hexane and EtOAc extracts from the leaves of this plant were found to exhibit activity towards Mycobacterium tuberculosis with 99.6 and 98.9% inhibition at a concentration of 50 mg mL
À1
, respectively. Herein the isolation, structural identication, and bioactivities of eight new bicyclic lactones (1) (2) (3) (4) (5) (6) (7) (8) , and three new cyclobutane dimers (9) (10) (11) , as well as ve known compounds (12) (13) (14) (15) (16) from the leaves of M. velutina are discussed (Fig. 1 ).
Experimental section

General procedures
A Gallenkamp melting point apparatus (0-300 C, 4 C min À1 , uncorrected) was used to measure melting points. Optical rotations were recorded on a JASCO P-1020 polarimeter and ECD spectra were recorded on a JASCO J-810 apparatus. UV spectra were recorded using an Agilent 8453 UV-visible spectrophotometer. FTIR spectra were recorded on a Bruker Tensor 27 spectrophotometer. The NMR spectra were acquired on a Varian Mercury Plus 400 spectrometer. HRESITOFMS spectra were recorded on a Micromass Q-TOF-2 mass spectrometer. Flash column chromatography (FCC) was performed on MERCK silica gel 60 (230-400 mesh) and LiChroprep ® RP-18 (40-63 mm). Thin layer chromatography (TLC) was performed using precoated MERCK silica gel 60 PF 254 and RP-18 F 254 S.
Plant material
The leaves of M. velutina were collected in Nam Som district, Udon Thani province, Thailand in November 2010. The identication of the plant was performed by Prof. Pranom Chantaranothai. A voucher specimen (S. was deposited at the herbarium of the Department of Biology, Faculty of Science, Khon Kaen University, Thailand. It should be noted that, in our previous report 20 on this plant, it was collected in different locations and was misidentied as Cananga latifolia because of incomplete material for species identication. It was identied based on the vegetative part (leaf and (23.6 g ) was separated on silica gel FCC, eluting with n-hexaneEtOAc (85 : 15) to give 1 (20.3 g) as a colorless viscous liquid. Subfraction LH 3.2.3 (1.7 g) was chromatographed on silica gel FCC, eluting with n-hexane-EtOAc (85 : 15) to give 1 (1.59 g) and 6 (57.3 mg) as colorless viscous liquids. Subfraction LH 3.3 (9.6 g) was puried by silica gel FCC, eluting with n-hexane-acetone 4.3.3 (1.6 g) was crystallized from CH 2 Cl 2 -n-hexane to give 12 (332 mg) as a yellow solid. Fraction LH 5 (1.9 g) was separated on silica gel FCC, eluted with n-hexane-acetone (7 : 3) to give 2 subfractions, LH 5.1 -LH 5.2 . Solid in subfraction LH 5.2 (0.62 g) was crystallized from MeOH-n-hexane to give 10 (30 mg) as colorless needles. The EtOAc extract was separated over silica gel FCC, using gradient elution with n-hexane-EtOAc (80 : 20 to 0 : 100) and EtOAc-MeOH (80 : 20 to 0 : 100) to afford 6 fractions, LE 1 -LE 6 . Fraction LE 2 (6.3 g) was then puried by silica gel FCC, eluting with n-hexane-acetone (4 : 1) to give 2 subfractions, LE 2.1 -LE 2.2 . Further purication of subfraction LE 2.2 (0.74 g) by silica gel FCC, eluting with n-hexane-EtOAc (4 : 1) gave 13 (552 mg) as a white solid. Fraction LE 3 (3.6 g) was puried by silica gel FCC, eluting with n-hexane-acetone (1.4 g) was puried by silica gel FCC, eluting with n-hexaneEtOAc (1 : 1) to give an additional amount of 2 (214 mg). Subfraction LE 4.1.2 (0.67 g) was puried by silica gel FCC, eluting with n-hexane-acetone (7 : 3) to give 5 (25.8 mg) as a colorless viscous liquid. Subfraction LE 4.2 (3.0 g) was puried by silica gel FCC, eluting with n-hexane-acetone (7 : 3) to give 2 subfractions, LE 4 No. No. 
Preparation of the (R)-and (S)-a-methoxy-a-(triuoromethyl) phenyl acetate of 2
The determination of conguration for the stereogenic carbinol carbons was carried out following the method reported by Ohtani et al. 22 A solution of (S)-MPTA-Cl (10 mL, 53.4 mmol) was added to a solution mixture of 2 (8 mg, 27.5 mmol) and DMAP (5 mg) in dry CH 2 Cl 2 (1 mL) and stirred under N 2 at room temperature for 6 h. Then the solvent was removed in vacuo. The Table 3 1 H and 13 C NMR spectroscopic data of 9-11 in CDCl 3
No. position 
Preparation of the (R)-and (S)-a-methoxy-a-(triuoromethyl) phenyl acetate of (5)
The esterication of 5 was carried out using the procedure described for the preparation of 2a and 2b to yield (S)-ester (5a, 7 mg, (50%)) and (R)-ester (5b, 12 mg, (71%)). 3H, s, OCH 3 ) ].
X-ray crystallographic analyses of 10 and 11
The reection data were collected on a Bruker D8 Quest PHOTON100 CMOS detector with graphite-monochromated MoKa radiation using the APEX2 program.
23 Raw data frame integration was performed with SAINT, 23 which also applied correction for Lorentz and polarization effects. An empirical absorption correction using the SADABS program 23 was applied. The structure was solved by direct methods and rened by fullmatrix least-squares method on F 2 with anisotropic thermal parameters for all non-hydrogen atoms using the SHELXTL soware package. 24 All hydrogen atoms were placed in calculated positions and rened isotropically. Crystallographic data of 10 and 11 were deposited with the following Cambridge Crystallographic Data Centre codes: CCDC 1415288 and CCDC 1062125, respectively. The nal R 1 was 0.0642 (I > 2s(I)) and wR 2 was 0.2211 (all data).
Antimalarial assay
Antimalarial activity was performed against P. falciparum (K1, multidrug resistant strain, see ESI †), using the method of Trager and Jensen. 25 Quantitative assessment of malarial activity in vitro was determined by means of the microculture radioisotope technique based upon the method described by Desjardins et al. 26 The inhibitory concentration (IC 50 ) represents the concentration that causes 50% reduction in parasite growth as indicated by the in vitro uptake of [ 3 H]-hypoxanthine by P. falciparum. The standard compound was dihydroartemisinin.
Antimycobacterial assay
Antimycobacterial activity was performed against M. tuberculosis H37Ra (purchased from ATCC) using the MicroplateAlamar Blue Assay (MABA). 27 The standard drug streptomycin was used as reference substance.
Cytotoxicity assay
Cytotoxicity assays against human epidermoid carcinoma (KB), human breast cancer (MCF7), and human small cell lung cancer (NCI-H187) cell lines human breast adenocarcinoma Resazurin microplate assay described by O'Brien and co-workers. 28 The reference substances were ellipticine and doxorubicin. Cytotoxicity test against primate cell line (Vero) was performed using the green uorescent protein detection method described by Hunt and co-workers. 29 The reference substances used were ellipticine and doxorubicin. All cells were purchased from ATCC.
Results and discussion
Chromatographic fractionation of n-hexane and EtOAc extracts yielded eight new bicyclic lactones, velutinones A-H (1-8), three cyclobutane dimers, velutinindimers A-C (9-11), and four known compounds (12) (13) (14) (15) ( Fig. 1) . The IR spectra of 1-4 showed absorption bands of a glactone moiety at (1789-1771 cm À1 ) and a conjugated carbonyl functionality (1685-1862 cm À1 ) similar to the absorption bands of a synthetic bicyclic cyclohexenone.
34,35
Compound 1 possessed the molecular formula C 18 H 24 O 3 based on the 13 Interpretation of the COSY and HMBC correlations (Fig. 2) indicated that 1 has a core structure of a ve-membered lactone ring fused to an a,b-unsaturated cyclohexanone ring. This arrangement is similar to that of a compound isolated from the fruit kernels of Otoba parvifolia 35, 36 and from a total synthesis of its core structure, 34 except for the side chain at C-2a which was replaced by a geranyl moiety in 1. This geranyl side chain (C 10 H 17 ) was evident from the 1 H and 13 C NMR spectroscopic data ( Table 1 and C-10 0 ; H-6 0 to C-4 0 , C-5 0 , C-8 0 , and C-9 0 indicating that the geranyl group was linked to the stereogenic quaternary carbon C-2a (Fig. 2) . The relative conguration at C-2a and C-6a was established as syn from the NOESY correlation of H-6a and H-1 0 .
Based on the above evidence, the structure of 1, velutinone A, was dened as shown in Fig. 1 (- Fig. 3) . Therefore, the structure of compound 2, velutinone B, was dened as shown in Fig. 1 data, demonstrating the same index of hydrogen deciency, but having one additional oxygen atom compared to 3. The NMR spectroscopic data of 4 (Table 1 ) was similar to that of 3, except for the resonance of a C-7 0 hydroxy group. The 13 C NMR spectrum revealed the unusual downeld oxygenated carbon signal at d C 81.8 for C-7 0 , suggesting the presence of a hydroperoxy group. 37 Thus the structure of compound 4, velutinone D, was determined as shown (Fig. 1) . (Fig. 4) . The congurations of (2aR and 6aR) were assigned by NOESY and a molecular modeling study. NOESY correlations were observed between H-4 and H-2a, H-6a and H-1 0 a, H-6a and H-3b, H-1 0 b and H-2b, and H-3a and H-2 0 (Fig. 5) .
Therefore, the structure of compound 5, velutinone E, was established as shown ( . The relative conguration of the epoxide was assigned by the NOESY correlations between H-6 and H-6a. Hence, the structure of compound 6, velutinone F, was dened as shown ( Fig. 1 ).
Compound 7 had the molecular formula C 18 H 24 O 5 , established from the 13 C NMR and HRESITOFMS (m/z 321.1690 [M + Na] + ) data, having the same index of hydrogen deciency as in 2.
The IR spectrum displayed an extra hydroxyl band at (3481 cm À1 ) which differed from that of 6. The NMR data of 7 ( Table 2 data, having seven indices of hydrogen deciency as in 6, but having one additional oxygen. The IR spectrum was also similar to that of 6. The NMR data of 8 ( Table 2 conguration at C-6 0 of 8 was proposed to be S, based on its ring opening to give 7. Hence, structure of 8, velutinone H, was designated as shown in Fig. 1 . There are only two closely related bicyclic lactones, panamonons A and B, 38 which have NMR data similar to those of compounds 1-8. However, the relative conguration at the ring junction (C-2a and C-6a) of 1-8 were assigned as 2aR and 6aR which different from panamonons A and B (2aR and 6aS). 38 The ECD spectra of compounds 1-4, containing an a,b-unsaturated ketone, and compound 5, showed negative Cotton effects in the range of 202-215 nm. While, compounds 6-8 contained a saturated ketone, exhibited positive Cotton effects in the range of 205-215 nm (Fig. 6) .
To conrm the natural occurrence of 1-8, the isolates velutinone A (1) with a geranyl side chain and velutinone H (8) with two epoxide rings were stirred with or without silica gel in EtOAc and MeOH for 4 days following the conditions of the separation process. No change on TLC was observed. We conclude that isolates 1-8 are natural occurring products not artefacts.
The putative biosynthetic pathway towards compounds 1-8 is shown in Fig. 7 . The precursor, homogentisic acid, 35, 36 could be prenylated by geranyl diphosphate to form intermediate A 38 which may be reduced and lactonized to form compound 1. Reduction of 1 would produce 5, while epoxidation of 1 would afford 6 or intermediate B. Oxidation of 5 would give 4 which could be reduced to give 3 or B, the latter via intermediate C. Protonation and deprotonation of B may give 2 and 3. The hydroxy group of 3 could be oxidized to give 4. Compound 8 could be derived from 6 or B via an oxidation reaction. Further protonation and deprotonation of 8 would give 7.
Compound 9 showed an [M + Na] + ion peak at m/z 539.1651
in its HRESITOFMS, which in conjunction with the 13 (Table 3) showed resonances for the para-disubstituted benzene rings at d 129.4 (C-9, 9 0 ), 128.5 (C-10, 10 0 and C-14, 14 0 ), spectrum indicated the relative conguration on the cyclobutane ring as reported for achyrodimer A. 39 The specic rotation value of 9 was almost zero [+0.08 (c 0.63, MeOH-CHCl 3 ; 3 : 1)] which was also the same as that reported for a symmetric achyrodimer A. 39 Moreover, the ECD spectrum of 9 showed no signal for a Cotton effect (Fig. 8) . 40 Based on this evidence the structure of compound 9 could contain a plane of symmetry. Hence, 9 was concluded to be a new symmetrical cyclobutane dimer of the isolated styrylpyrone, yangonin (12) , and it was named velutinindimer A.
Compound 10 data, having the same index of hydrogen deciency as 9. The IR spectrum displayed bands for lactone (1699 cm À1 ) and aromatic (1647 cm À1 ) groups. The UV spectrum also supported an aromatic moiety (268 nm). The 1 H NMR data of 10 (Table 3) showed resonances for two para-disubstituted benzene rings at (Fig. 9) . The NMR data of 10 was comparable to the cyclobutane dimer achyrodimer D, reported from the aerial parts of Achyrocline bogotensis. 39 It was found that 10 was the methoxy derivative of achyrodimer D. The relative conguration of 10 was determined from the relatively large coupling constants (9.9-10. H-8 and H-5 0 (J cis ¼ 9.9 Hz) could be correlated to the dihedral angle between those protons, which corresponded with the values from the Karplus equation for a four membered ring.
41
The ECD measurement of 10 in MeOH showed no signal of the Cotton effect 40 (Fig. 8) , and also the specic rotation value of 10 was almost zero (+0.08). These could suggest that compound 10 was a racemic mixture. Finally, the X-ray crystallographic analysis supported the structure of an isolated 10 containing asymmetric units of a racemic mixture (Fig. 10) , and the one with the relative conguration (5 0 S, 6 0 R, 7S, and 8S) is shown in Fig. 1 40 and also its specic rotation value was almost zero (+0.3) suggesting that it should be a racemic mixture as compound 10. The X-ray crystallographic analysis conrmed that the isolated compound 11 was a racemic mixture as in 10, and the one with the relative conguration 5 0 R, 6 0 S, 7R, and 8S is shown in Fig. 1, 11 and 12.
From the above evidence, the structure of 11 was determined to be another new dimeric styrylpyrone and it was named velutinindimer C.
To conrm the natural occurrence of styrylpyrone dimers, 9-11, the isolated yangonin (12) , was stirred with silica gel in EtOAc and MeOH for a week, following the conditions for our separation process. The formation of 9, 10 and 11 was not observed. It is worth noting that isolated dimers 10 and 11 were racemic mixtures occurring from asymmetrical 2 + 2 cycloaddition of the isolated styrylpyrone, yangonin (12) , while compound 9 has an axis of a symmetric dimer and so is not chiral. The biological activities of the isolated compounds (purity > 95% from the NMR spectra) are shown in Table 4 . Compounds 1 and 2, with MIC values of 43.4 and 82.1 mM respectively, should be responsible for the antimycobacterial activity against M. tuberculosis exhibited in the primary screening. From this result, the a,b-unsaturated carbonyl in the core structure plays an important role against TB, while the hydroxy or peroxide functionalities at C-6 0 or C-7 0 reduce this activity. Since our previous work reported the antimalarial activity and cytotoxicity of compounds from M. velutina, 20,21 the compounds isolated herein have been further evaluated for their activities. 
Conclusions
Isolation of the leaves extracts of M. velutina yielded an unique class of eight bicyclic lactones with a C 18 carbons architecture, named velutinones A-H (1-8), three new dimeric styrylpyrones, velutinindimers A-C (9-11), ve known compounds, the kawapyrone, yangonin (12) , three avonoids (13) (14) (15) , and an acetogenin, cananginone H (16). Velutinindimers A-C (9-11) are dimmers occurring from symmetrical and asymmetrical 2 + 2 cycloaddition of the isolated styrylpyrone, yangonin (12) . The structures of velutinindimers B and C (10 and 11) were identied as mixtures which were conrmed by X-ray crystallographic, ECD and specic rotation analyses. Biological activity of the isolated compounds had been evaluated. 
